In pancreatitis patients, activated pancreatic stellate cells (PSCs) alter their phenotype to cells characterized by production of ␣-smooth muscle actin and extracellular matrix (ECM) proteins. CP-associated structural and functional changes in the pancreas result in deterioration of pancreatic exocrine and endocrine function. Additionally, activated PSCs and pancreatic acinar cells amplify the inflammatory process by attracting neutrophils and macrophages. Similar to CP, repetitive episodes of AP can result in fibrotic remodeling of pancreatic parenchyma (1, 2, 21) .
Apelin (APLN), a small peptide, is the endogenous ligand for the APJ receptor [also known as the apelin receptor (APLNR) or ANG II receptor-like 1 (Agtrl1)], a receptor structurally related to the ANG II receptor AT 1 (30, 48, 55) . The apelin-APJ axis is expressed in the gastrointestinal tract and pancreas (33, 37, 46, 55) . Apelin has been reported to influence pancreatic exocrine secretion (18) . Additionally, apelin exerts a broad anti-inflammatory activity in the body. Apelin has an inhibitory activity against human immunodeficiency virus infection (3, 58) , reduces proinflammatory cytokine production in spleen cells (13) , and, in the mouse cardiovascular system, lowers abdominal aortic aneurysm formation by reducing diseaseassociated vascular inflammation (23) . Our laboratory (16) reported that intestinal apelin is involved in the inflammatory response of the intestine. Emerging data indicate a role for apelin in regulation of fibrosis in the kidney, heart, and liver (24, 29, 32, 45) . Whether the apelin-APJ signaling system is involved in regulation of pancreatic fibrosis during pancreatitis has not been investigated.
Objectives for the present study are as follows: 1) to define the influence of experimental AP and CP on expression levels of apelin and APJ in the mouse pancreas, 2) to examine the influence of apelin exposure on pancreatic neutrophil recruitment, serum chemoattractant levels, and pancreatic production of ECM-associated proteins during pancreatitis, 3) to examine the effects of apelin on PDGF-simulated proliferation and connective tissue growth factor (CTGF) production in cultured PSCs, and 4) because NF-B is an important transcription factor thought to play a major role in regulation of pancreatic inflammation and fibrosis during pancreatitis (11, 12, 17, 31, 47) , to examine the influence of apelin exposure on pancreatic NF-B binding in mice with AP and CP.
Our findings demonstrate that pancreatic apelin expression and APJ expression are increased robustly during experimental AP and CP in mice. Further data imply that the enhanced apelin-APJ signaling functions to regulate the pancreatic inflammatory and fibrosis responses during pancreatitis. In apelin-deficient mice with pancreatitis, pancreatic neutrophil re-cruitment and ECM-associated protein production are enhanced significantly. Apelin treatment will reduce neutrophil infiltration and ECM protein production. Further data suggest that inhibition of neutrophil invasion is mediated by an apelininduced reduction of keratinocyte chemokine (KC) and granulocyte colony-stimulating factor (G-CSF) secretion. In apelindeficient mice with AP or CP, pancreatic NF-B activation is enhanced, and apelin administration in CP suppresses NF-B activation. Together, our findings imply that the pancreatic apelin-APJ axis exerts an inhibitory influence on pancreatic inflammation, fibrosis, and acinar degeneration during pancreatitis. Apelin's salutary effects may be mediated partly by inhibition of pancreatic NF-B activity.
MATERIALS AND METHODS

Animals
All animal experiments were done in accordance with mandated standards of humane care and were approved by the University of Texas Medical Branch Institutional Animal Care and Use Committee. Global apelin-deficient [apelin Ϫ/Ϫ , or apelin-knockout (APKO)] mice were generated by targeted homologous recombination (4, 43) . APKO mice are on a mixed 129SvJ-C57Bl/6 background. Wild-type (WT), age-matched littermates were used as control mice. All mice were fed a standard diet and water ad libitum. AP was induced in adult male mice by administration of supramaximal doses of cerulein (50 g/kg ip, 7 injections hourly, including 0 h, for 6 h) (8) . CP was induced by five hourly injections of cerulein (50 g/kg ip) on Monday, Wednesday, and Friday mornings for three consecutive weeks (28, 41, 50) . Mice were euthanized at selected intervals after the start of cerulein injections, and the pancreas was removed immediately for tissue fixation and preparation of total cellular RNA and total protein or nuclear protein extracts. In one experiment, mice were subjected to two AP episodes 24 h apart. For measurement of serum amylase levels, trunk blood samples were collected upon euthanization, and serum was prepared by centrifugation. Serum amylase levels were measured using the Phadebas amylase test (Pharmacia and Upjohn Diagnostics, Uppsala, Sweden) (8) . Serum levels of G-CSF and KC were measured using the Bio-Plex Pro mouse cytokine 23-plex panel (Bio-Rad) according to the manufacturer's instructions (10) . Pancreatic myeloperoxidase (MPO) activity was measured as described elsewhere (54) .
Pancreatic Acinar Cells and Islets
Mouse and human acinar cells are isolated by the enzymatic dissociation method (1, 22, 56) . Briefly, the pancreas was perfused with saline, minced with fine scissors, and digested for 15 min in 3 ml of warm isolation buffer [PBS with Ca 2ϩ and Mg 2ϩ , 0.01% soybean trypsin inhibitor, 0.1% BSA, and collagenase type IV (0.3 mg/ml)]. Digestion was facilitated mechanically by continuous pipetting for 15 min. Digested tissues were washed with 6 ml of cold isolation buffer and collected by centrifugation at 1,000 rpm for 2 min. The washing step was repeated twice to remove small debris and blood cells. Acini were further purified by filtration through a sterile 860-m mesh to remove large debris. Acini were collected by centrifugation at 1,000 rpm for 2 min.
Mouse pancreatic islets were isolated using the manual technique (22) . Briefly, mice were anesthetized, a midline incision was made, the liver was flipped, and the pancreatic duct was clamped at the duodenal ampulla. After isolation, the pancreatic duct was cannulated, and cold (4°C) enzyme solution (collagenase, ϳ1.2 mg/ml) was injected to completely distend the pancreas, which was then extirpated. The pancreas was digested, and cells were separated by density gradients.
Human pancreatic islets were isolated in a US Food and Drug Administration-registered isolation facility. The isolation was performed following a semiautomated method (35, 36) . Briefly, pancreatic islets were isolated under sterile conditions from the pancreas of human cadaveric multiorgan donors. All experiments generating human islets and PSCs were done with permission of the University of Texas Medical Branch Internal Review Board for Use of Human Materials. The pancreas was divided at the neck-head junction, and the pancreatic duct was cannulated on both specimens. Human Liberase solution at 4°C was injected at programmed pressure using a perfusion apparatus to completely distend the glands. The pancreas was then minced into seven to nine pieces and placed in an acrylic digestion chamber with stainless beads and a screen. Fluid was recirculated through the digestion system, increasing the temperature to 37-38°C, while the chamber was shaken using a mechanical shaker. The pancreas was digested, and samples were observed through an inverted microscope following dithizone staining. When free islets were observed, digestion was interrupted and tissue was collected. Purification was performed by density gradients using a COBE 2991 cell separator.
PSC Cultures
Mouse and human PSC cultures were prepared by the outgrowth method (1, 6, 22 ) from normal 129Sv mice or from freshly resected, nonpathological human pancreas. Human PSCs were cultured in high-glucose DMEM containing 10% FBS, insulin-transferrin-selenium supplement X (1%), antibiotic-antimycotic (1%), gentamicin (50 g/ml), and nonessential amino acids. Mouse PSCs were cultured in high-glucose DMEM containing 10% FBS. Histological examination of stellate cell cultures showed a typical stellate morphology with reduced levels of vitamin A and cells immunopositive for fibronectin and ␣-smooth muscle actin (data not shown) (6) .
Chemicals
All chemicals were obtained from Sigma (St. Louis, MO), Fisher Scientific (Pittsburgh, PA), Invitrogen (Carlsbad, CA), and MP Biomedicals (Santa Ana, CA), unless noted otherwise. Cell culture media were purchased from Mediatech (Herndon, VA) and Life Technologies (Carlsbad, CA). RNAqueous kits (Ambion, Foster City, CA) were used to prepare total cellular RNA from cultured cells. Cerulein was purchased from Bachem California (Torrance, CA); human Liberase from Roche Applied Science (Pleasanton, CA); collagen-4, p50, p65, CTGF, and fibronectin antibodies from Santa Cruz Biotechnology; and IB␣ and IB␤ antibodies from Cell Signaling Technology (Danvers, MA).
Real-Time RT-PCR Analysis of Apelin, APJ, and 18S rRNA Expression Levels
For measurement of pancreatic apelin and APJ mRNA and 18S rRNA expression levels, total cellular RNA was extracted and purified from pancreatic homogenates according to published procedures (8, 16, 55) . For measurement of apelin expression levels in cell lines, total cellular RNA was extracted and purified using RNAqueous kits.
The real-time RT-PCR analysis was run in two steps under the conditions specified. The ⌬⌬C T analysis method was used. RNA samples for real-time analysis were quantified using a spectrophotometer (Nanodrop Technologies) and quantified by analysis on an RNA Nano or Pico chip using the Agilent 2100 Bioanalyzer (Agilent Technologies). Synthesis of cDNA was performed with 1 g of total RNA in a 20-l reaction using the reagents in the TaqMan reverse transcription reagents kit (catalog no. N8080234, Applied Biosystems). The reaction conditions were as follows: 25°C for 10 min, 48°C for 30 min, and 95°C for 5 min. Quantitative PCR (qPCR) amplifications (in triplicate) were done using 1 l of cDNA in a total volume of 25 l using TaqMan MGB probes with the TaqMan Universal PCR Master Mix (catalog no. 4304437, Applied Biosystems), as specified by the manufacturer. The final concentrations of the probe and primers were 250 and 900 nM, respectively. Relative RT-qPCR assays were performed with 18S rRNA as a housekeeping gene. Absolute analysis was performed using known amounts of a synthetic transcript of the gene of interest. All PCR assays were run in the Prism 7500 sequence detection system (Applied Biosystems) under the following conditions: 50°C for 2 min, 95°C for 10 min, and 40 cycles at 95°C for 15 s and then at 60°C for 1 min. For mouse apelin and APJ (Agtrl1), TaqMan gene expression assay ID no. Mm00443562_m1, TaqMan gene expression assay ID no. Mm00442191_s1, and TaqMan rRNA control reagents (catalog no. 4308329) were used.
RNA Slot-Blot and Western Blot Analyses
Pancreatic collagen-1␣1 and collagen-4 mRNA levels and 18S rRNA levels were measured using previously described methods (8, 9, 16, 55) . Pancreatic collagen-4, IB␣, IB␤, and CTGF protein levels were measured by Western blot analysis (51, 52 ). An enhanced chemiluminescence detection kit was used to develop blots for visualization.
Preparation of Nuclear Protein Extracts and EMSA
Pancreatic nuclear protein extracts were prepared according to a previously published protocol described in detail elsewhere (14, 15) . Protein concentrations in nuclear extracts were determined by protein assay (Bio-Rad Laboratories, Hercules, CA). EMSAs were done using a double-stranded oligonucleotide containing the consensus sequences for NF-B (5=-AGT TGA GGG GAC TTT CCC AGG C-3=; Promega). Approximately 50,000 cpm of [ 32 P]DNA were added to the nuclear extract, and the preparations were incubated with 50 ng/l poly(dI-dC)-poly (dI-dC) and 5 ng/l poly L-lysine in binding buffer [20 mM HEPES (pH 7.6), 1 mM DTT, 30 mM KCl, 10 mM (NH 4)2SO4, 0.2% Tween 20, and 1 mM EDTA] at room temperature for 20 min. DNA-protein complexes were resolved on a 8% polyacrylamide gel in 0.5 M TBE (Tris base, boric acid, and EDTA) buffer. Gels were dried and autoradiographed with intensifying screens at Ϫ70°C. For competition experiments, nuclear extracts were incubated with a 100-fold molar excess of WT or mutated nonradiolabeled oligonucleotides (Santa Cruz Biotechnology) at room temperature for 10 min before addition of radiolabeled probe. For supershift experiments, ϳ6 g of specific antibodies against NF-B protein p65 or p50 were incubated in the binding reaction mixture for 60 min at room temperature before addition of radiolabeled probe.
EMSAs were used to assess the influence of apelin exposure on NF-B activation in mice subjected to AP or CP. In mice not subjected to intraperitoneal injections or subjected to intraperitoneal saline injections, EMSA studies showed nominal pancreatic NF-B activation (data not shown). In this study, nuclear NF-B binding was measured in pancreata harvested before (controls), 1 h, and 1 and 3 wk after single/repetitive intraperitoneal saline injection(s) (n ϭ 5 mice per time point).
Histological Analyses
For histological assessment, pancreatic tissue was fixed in 10% buffered formaldehyde, embedded in paraffin, and sectioned. For neutrophil quantitation in pancreatic sections, neutrophils were immunolabeled with a Gr-1 monoclonal antibody (BD Biosciences, San Jose, CA). The Gr-1 antibody will identify monocytes as well as neutrophils. Monocytes are involved in AP pathogenesis (39, 44) . Gr-1-immunopositive cells were counted in at least five high-power (ϫ40) fields. For assessment of pancreatic fibrosis, entire pancreatic tissue sections immunostained for fibronectin were scored on a scale of 0 -5. Pancreatic acinar degeneration was assessed by scoring acinar vacuole (0 -4) and pancreatic tubular complex (0 -5) densities. For each mouse, the pancreas was assessed blindly at three levels. Images were captured with a Nikon Eclipse E600 microscope equipped with a digital camera using SPOT imaging software (Diagnostic Instruments, Sterling Heights, MI). Localization of pancreatic NF-B was determined by immunostaining for p65.
Experiments
Experiment 1. The aims of this experiment were 1) to measure apelin and APJ expression levels in islets, acinar cells, and stellate cells of the mouse and human pancreas and 2) to define the influence of AP or CP on pancreatic apelin and APJ expression (mRNA) levels.
Experiment 2. The aim of this experiment was to examine the influence of apelin exposure on pancreatitis-induced elevations in pancreatic neutrophil recruitment and MPO activity. Two AP episodes were induced 24 h apart by supramaximal cerulein administration. Synthetic pyro-apelin-13 (50 g per ip injection) or saline was given daily (at 0800 and 1800) starting at the time of cerulein administration. In some mice, serum was harvested for measurement of serum G-CSF and KC levels.
Experiment 3. The aim of this experiment was to examine the influence of apelin exposure on production of pancreatic ECM-associated proteins in mice with CP.
Experiment 4. The aim of this experiment was to determine whether apelin exposure affects PSC density and CTGF production.
Experiment 5. By means of EMSAs, the aim of this experiment was to analyze the influence of apelin exposure on pancreatic nuclear NF-B accumulation during induction of AP or CP. In addition, in mice subjected to CP, cytosol levels of IB␣ and IB␤ were measured by Western blot analysis. Cellular localization of NF-B was examined in the pancreas by immunohistochemistry in mice subjected to CP.
Statistical Analyses
Values are means Ϯ SE. Data were analyzed by t-test or one-way ANOVA and subsequently with Newman-Keuls test when appropriate. In the neutrophil experiment (experiment 2), data were analyzed using the Kruskal-Wallis test. For all comparisons, P Ͻ 0.05 was considered significant. Values are means Ϯ SE; n ϭ5-6 mice/group. G-CSF, granulocyte colonystimulating factor; KC, keratinocyte chemokine. Serum was harvested 24 h after AP induction. *P Ͻ 0.05 vs. WT.
RESULTS
Apelin and APJ Are Expressed in Pancreatic Cells: AP and CP Trigger Upregulation of Pancreatic Apelin and APJ Expression
Mouse and human pancreatic islets and acinar and stellate cells were isolated for measurements of apelin and APJ expression levels. Table 1 shows that apelin and APJ are expressed in mouse and human pancreatic islets and acinar and stellate cells.
In AP and CP experiments, cerulein-induced AP or CP was confirmed by acute elevations of serum amylase levels and histological evaluation of the pancreas (data not shown). In mice with cerulein-induced CP, serum amylase levels increased during each cerulein-induced cycle of AP and then declined to control or near-control levels following each pancreatitis episode.
In mice with AP, pancreatic apelin mRNA levels decreased marginally, but significantly, 7 h after the start of AP induction compared with control apelin mRNA levels (0 h ϭ 1st cerulein injection; Fig. 1A ). Pancreatic apelin expression levels increased approximately two-and fivefold 24 and 48 h, respectively, after the start of AP induction. Pancreatic apelin expression levels continued to increase at 72 h (9-fold) and 96 h (12-fold) after the start of AP induction. At 20 days after the start of AP induction, pancreatic apelin mRNA levels declined significantly but remained significantly elevated compared with pancreatic apelin expression levels before induction of AP.
In mice with AP, pancreatic APJ mRNA levels increased significantly (ϳ1.6-fold) 7 h after the start of AP induction (Fig. 1B) . Pancreatic APJ mRNA levels continued to increase 5.9-and 7.3-fold at 24 and 48 h, respectively, after the start of AP induction. Pancreatic APJ mRNA levels remained elevated (ϳ7-fold) at 72 and 96 h after the start of AP induction. At 20 days after the start of AP induction, pancreatic APJ mRNA levels declined significantly but remained significantly elevated compared with pancreatic APJ expression levels before induction of AP.
CP was induced by three series of cerulein injections administered weekly for three consecutive weeks (see MATERIALS AND METHODS). Pancreata were harvested at selected intervals during CP induction. Pancreatic apelin expression levels increased marginally, but significantly, 24 and 48 h following a single series of cerulein injections (Fig. 1C) . Pancreatic apelin expression levels continued to increase progressively during weeks 2 and 3 of cerulein injections. Apelin expression levels were maximal at the 3-wk sampling time. Pancreatic apelin expression levels increased ϳ46-fold compared with pre-cerulein levels. Pancreatic APJ expression levels increased marginally, but significantly, 24 and 48 h following a single series of cerulein injections (Fig. 1D) . Pancreatic APJ expression levels continued to increase progressively during weeks 2 and 3 of cerulein injections. APJ expression levels were maximal at the 3-wk sampling time. Pancreatic APJ expression levels increased ϳ80-fold compared with pre-cerulein levels. In mice subjected to CP and then allowed to recover for 1 wk (i.e., no injections during recovery), pancreatic apelin and APJ mRNA levels decreased significantly compared with 3-wk expression levels but remained elevated significantly compared with precerulein (control) levels. In mice subjected to CP and allowed to recover for 5 wk, pancreatic apelin and APJ expression levels did not differ significantly from control levels.
A potential influence of saline injections on pancreatic apelin and APJ expression was assessed in mice euthanized before (controls, no injections) and at selected intervals (20 min; 1, 4, 8, and 24 h; and 1 and 3 wk) after intraperitoneal saline injection(s) (n ϭ 5 mice per time point). Relative apelin expression levels fluctuated between 0.5 Ϯ 0.1 and 1.2 Ϯ 0.14. Relative APJ expression levels fluctuated between 0.5 Ϯ 0.1 and 1.0 Ϯ 0.17.
Enhanced Neutrophil Recruitment and MPO Activity in APKO Mice With AP
In this experiment, two AP episodes 24 h apart were induced by supramaximal cerulein administration. In pancreata of WT and APKO mice before induction of pancreatitis, few neutrophils were observed (data not shown).
Mice subjected to two AP episodes were treated with vehicle or apelin during cerulein injections. Neutrophil invasion, 48 and 72 h after induction of the first AP episode, was significantly higher in APKO than WT mice (Table 2, Fig. 2) . At 48 h after the start of cerulein injections, apelin treatment of WT or APKO mice reduced neutrophil invasion. Neutrophil invasion, however, remained higher in apelin-treated APKO than WT mice. At 72 h, apelin treatment of APKO mice reduced neutrophil density. In agreement with neutrophil data (Table  2) , apelin treatment resulted in reduced pancreatic MPO levels. In apelin-treated WT and APKO mice, MPO levels were 64 Ϯ 13 and 71 Ϯ 8% of respective MPO levels in vehicle-treated groups at 48 h. In apelin-treated WT and APKO mice, MPO levels were 91 Ϯ 13 and 76 Ϯ 10% of respective MPO levels in vehicle-treated groups at 72 h.
Increased Systemic G-CSF and KC Levels in APKO Mice
With AP Serum levels of G-CSF and KC were significantly higher in APKO than WT mice with AP (Table 3) . At 24 h after the start of AP induction, serum G-CSF and KC levels were approximately one-to threefold greater in APKO than WT mice.
Apelin Exposure Reduces ECM-Associated Protein Levels in CP
Collagen-4 mRNA expression and protein levels were significantly higher in APKO than WT mice subjected to CP (Fig. 3, A and B) . Control (pre-CP induction) collagen-4 protein levels did not differ in WT and APKO mice. In WT and APKO mice subjected to CP and allowed to recover for 1 wk, pancreatic collagen-1␣1 expression levels were elevated significantly compared with control mice (pre-CP; Fig. 3C ). Collagen-1␣1 mRNA levels were significantly higher in vehicle-treated APKO than WT mice. Apelin treatment during the recovery period reduced collagen-1␣1 expression levels sig- nificantly in WT and APKO mice; however, collagen-1␣1 expression levels remained higher in APKO mice.
Apelin Inhibits PSC Proliferation and CTGF Protein Levels
Acute PDGF-BB treatment increased density of cultured mouse PSCs by ϳ27% (P Ͻ 0.05) compared vehicle-treated PSCs (Table 4) . Apelin treatment during PDGF-BB treatment reduced PSC density significantly by ϳ24%. PDGF-BB treatment also stimulated increased CTGF protein levels in cultured human PSCs (Fig. 4) . Apelin treatment significantly inhibited PDGF-BB-stimulated CTGF protein production.
Inhibitory Effect of Apelin Treatment on NF-B Activation in Mice With AP or CP
Pancreatic NF-B activation was significantly higher in APKO than WT mice with AP (Fig. 5) . The specificity of pancreatic NF-B binding activity in EMSAs was shown by cold competition and supershift experiments. As depicted in Fig. 6 , inclusion of excess, nonradioactive WT, but not mutated, B oligonucleotide in the EMSA incubation mixture reduced NF-B binding intensity. Inclusion of p65 or p50 antibodies in the EMSA incubation supershifted the complex. Together, these findings confirm the specificity of NF-B binding and indicate that p50 and p65 proteins are present in the NF-B complexes (Figs. 6 and 7) .
In mice subjected to CP with and without 1 wk of recovery, pancreatic NF-B activation was increased significantly in APKO mice compared with WT mice (Figs. 6 and 7) . In the mice subjected to CP and allowed to recover for 1 wk, apelin administration to WT or APKO mice reduced nuclear NF-B activation significantly compared with vehicle-treated mice (Fig. 7) .
Cellular localization of activated NF-B was examined by immunostaining for p65 in mice subjected to CP. Immunostained nuclei were observed primarily in acinar cells (Fig. 8) .
IB␣ and IB␤ protein levels were measured in cytosolic protein extracts of pancreata harvested from mice with CP (Fig. 9 ). Pancreata were harvested prior to (CON) and following the final series (CP) of cerulein injections. CON levels of nonphosphorylated IB␣ (IB␣) were significantly lower in APKO than WT mice. In CP mice, IB␣ levels decreased significantly compared with CON levels. Phosphorylated IB␣ was not detected (data not shown). CON levels of nonphosphorylated IB␤ (IB␤) and phosphorylated IB␤ (p-IB␤) did not differ in WT and APKO mice. In WT mice, CP levels of IB␤, but not p-IB␤, decreased significantly compared with CON levels. In APKO mice, CP levels of IB␤ and p-IB␤ decreased significantly compared with CON levels in APKO mice.
Apelin Treatment Improves CP Markers
The salutary influence of apelin exposure on CP markers (inflammation, fibrosis, vacuole, and tubular complex densities) is shown in Table 5 . In WT and APKO mice with CP, apelin treatment during a subsequent 1-wk recovery period (50 g per ip injection, twice per day) significantly reduced pancreatic MPO activity, extent of fibrosis, and acinar degeneration.
DISCUSSION
Prior studies indicate that apelin exerts a broad anti-inflammatory activity. Apelin has inhibitory activity against human immunodeficiency virus infection (3, 58) , reduces proinflammatory cytokine production in spleen cells (13) and in the mouse cardiovascular system, and lowers abdominal aortic aneurysm formation by reducing disease-associated vascular inflammation (23) . Recent reports demonstrate an emerging role for the apelin-APJ axis in regulation of liver, kidney, and heart fibrosis (24, 29, 32, 45) .
The present findings show robust elevations in pancreatic apelin and APJ expression during induction of experimental 5 and 6) . Inclusion of a p65 or p50 antibody, but not an antibody to an unrelated protein (IgG, lanes 7-9) , in the EMSA incubation supershifted the complex ‫.)ء(‬ White space between WT and APKO lanes indicates that the 2 lanes for each group are extracted from the same gel, but they are not immediately adjacent to each other. Left: NF-B band intensities. Values are means Ϯ SE; n ϭ 6 mice per group. *P Ͻ 0.05 vs. control (control/pre-CP values not shown). †P Ͻ 0.05 vs. WT. AP or CP in mice. For example, during cerulein-induced AP, pancreatic apelin and APJ expression levels increase ϳ7-fold; in mice with CP, pancreatic apelin and APJ expression levels increase ϳ46-and 80-fold, respectively. Maximal elevations in pancreatic apelin and APJ expression levels are much higher (ϳ7-and 11-fold, respectively) in mice with CP than in mice with a single episode of AP. The higher elevations in pancreatic apelin and APJ expression in mice with CP may be linked to the recurrent nature of pancreatic insults during experimental CP induction. Three AP episodes were induced weekly for three consecutive weeks. In both models of pancreatitis, pancreatic apelin and APJ expression levels declined to prepancreatitis or approximate prepancreatitis levels during the postpancreatitis recovery periods.
The large elevations in pancreatic apelin expression during AP or CP were not unexpected. AP and CP are inflammatory diseases, and findings from earlier studies predict increased pancreatic apelin and APJ expression during pancreatitis. In humans with inflammatory bowel disease and in rodents with experimental colitis, intestinal apelin production is increased (16).
The elevations in pancreatic apelin and APJ expression during AP or CP provoke several key questions. 1) In what cell types do apelin and APJ expression levels increase? 2) What mechanism triggers the large elevations in apelin and APJ expression during pancreatitis? 3) What are the physiological functions of these pancreatic apelin and APJ elevations.
Although the present study does not identify in which specific pancreatic cells apelin and APJ expression increase during pancreatitis, our findings confirm and extend earlier reports (18, 37, 46) that the apelin-APJ axis is expressed in islets and acinar cells. This is the first description of the apelin-APJ signaling axis in PSCs. Earlier work by other laboratories indicates that islet and acinar APJ are functional (18, 37, 46) . Interestingly, on the basis of the relative magnitudes of apelin expression (Table 1) , PSC-derived apelin may be a key source of apelin in autocrine/paracrine apelin-APJ pathways during pancreatitis. Furthermore, our findings demonstrate that PSC APJ is functional, since apelin exposure inhibits PSC proliferation and CTGF production in vitro. Autocrine and/or paracrine apelin-APJ signaling axes are also postulated for the cardiovascular and pulmonary vascular systems (4, 19) . Elevations in pancreatic apelin and APJ expression during pancreatitis may partly reflect invasion of immune cells and elevated PSC proliferation. APJ expression occurs in macrophages (G. H. Greeley, Jr., unpublished observations).
Although we did not elucidate mechanisms that trigger the pancreatitis-associated elevations in apelin and APJ expression, results from earlier studies imply that pancreatic hypoxia and elevated proinflammatory cytokine levels drive pancreatic apelin expression during pancreatitis. In several tissues, cellular hypoxia is a potent activator of apelin expression (7, 15, 38) . During pancreatitis, pancreatic ischemia is prevalent and O 2 tension is expected to decline (5) . Furthermore, our laboratory demonstrated that hypoxia activates apelin transcription via a putative hypoxia-inducible factor-binding element in the apelin promoter (15) . Hypoxia inducible factor is a transcription factor overexpressed in response to tissue O 2 deprivation. Hypoxia can also ramp up APJ transcription (15, 43) , and a greatly increased elevation in pancreatic APJ expression is expected to enhance apelin signaling during pancreatitis. Apelin expression is most likely amplified by another mechanism. Pancreatic production of proinflammatory cytokines increases during pancreatitis (21, 27, 34, 42) , and proinflammatory cytokines will stimulate apelin transcription via a putative Stat3 binding site in the apelin promoter (14) .
A characteristic feature of CP is increased pancreatic synthesis and deposition of ECM-associated proteins, including several collagen types, fibronectin, and laminin (2, 42) . Based on our results, we propose that the pancreatic apelin-APJ axis functions to regulate negatively the pancreatic fibrosis response during pancreatitis. This hypothesis is supported by results indicating enhanced collagen-1␣1 expression, as well as enhanced collagen-4 expression and protein levels, in APKO mice with CP. Furthermore, apelin treatment following CP induction suppressed the elevation in collagen-1␣1 expression. In addition, apelin treatment during a 1-wk recovery period following CP induction reduced the extent of pancreatic fibrosis (Table 5) . Pancreatic fibrosis was scored by assessing the amount of fibronectin immunostaining.
In contrast to the inhibitory effect of apelin on pancreatic fibrosis, hepatic fibrosis is stimulated by apelin exposure (24) . In human liver disease, apelin seems to mediate profibrogenic gene induction promoted by ANG II and endothelin-1 in hepatic stellate cells. In agreement with the findings in the pancreas, apelin exerts antifibrosis activities in the kidney and heart (29, 32, 45) .
The present study shows that apelin exerts a potent inhibitory effect on the inflammatory process during pancreatitis. Neutrophil and macrophage infiltration is a major characteristic of human and experimental pancreatitis, resulting in parenchymal damage and a dysfunctional pancreas (2, 31, 42, 50) . In APKO mice subjected to two sequential episodes of AP, neutrophil recruitment was enhanced greatly compared with WT mice. The implied inhibitory role of endogenous apelin on neutrophil invasion is bolstered by the reduced pancreatic neutrophil invasion and MPO levels in apelin-treated WT and APKO mice. In these experiments, the amplified neutrophil recruitment in the pancreas agrees with the enhanced elevations in systemic levels of G-CSF and KC in APKO mice. Serum G-CSF and KC levels were 2.4-to 3.6-and 1-fold higher, respectively, in APKO than WT mice with pancreatitis. G-CSF and KC are important regulators of neutrophil homeostasis. G-CSF exerts a variety of trophic actions on neutrophils to increase their density, and KC is a key chemoattractant for neutrophils (2, 31) . The present study also shows that apelin administration during a 1-wk recovery period following CP induction reduced pancreatic MPO levels.
This apelin-induced inhibition of neutrophil recruitment may be one mechanism behind the reduction in pancreatic fibrosis with apelin exposure. During pancreatitis, invading immune cells stimulate PSCs to produce ECM-associated proteins. More importantly, the present studies show, for the first time, inhibition of PSC proliferation and of PDGF-induced CTGF protein production by apelin exposure. These may be additional mechanisms underlying the inhibitory activity of apelin on PSC activity and on ECM protein levels in mice with CP. The present study demonstrates that apelin exposure exerts an inhibitory influence on pancreatic NF-B activation during AP and CP. In APKO mice, pancreatic NF-B activation was enhanced, and apelin treatment in APKO and WT mice lowered NF-B activation. Previous studies show that nuclear accumulation of NF-B during pancreatitis involves p50/p65 activation and is mediated by degradation of cytosolic IB␣ and IB␤ proteins (11) . Our results show decrements in pancreatic IBs with NF-B activation. NF-B activation occurs in all experimental pancreatitis models (11, 12, 31, 47) ; however, the functional role of NF-B activation during CP is less studied (50) . A recent report shows that prolonged NF-B activation in a transgenic mouse model results in CP (17) . In the present study, apelin-induced reductions of pancreatic ECM protein levels were associated temporally with apelininduced reductions in pancreatic NF-B activation, implying that apelin's induced reductions in pancreatic ECM levels are linked to its inhibition of NF-B activation. Interestingly, evidence of NF-B involvement in human AP has been reported (40) .
Activation of the NF-B pathway is dependent on phosphorylation of cytosolic IB proteins with subsequent degradation by the proteasome. In the present studies, higher pancreatic IB levels agree with a lower nuclear NF-B accumulation in WT than APKO mice with CP. An important consideration is identity of pancreatic cells wherein apelin exerts its inhibitory effects on NF-B activation. The present study did not document the locus of apelin's activity; however, prior findings indicate that the bulk of NF-B activation during pancreatitis occurs in acinar cells (53) . Invading inflammatory cells (53) also contribute, implying that acinar and immune cells are primary targets of apelin activity. Results of the present study suggest that apelin's induced reductions in immune cell invasion and PSC proliferation will contribute to reduced NF-B activation in CP.
Together, our findings indicate that apelin exposure can exert a protective effect on the pancreas during CP. Apelin exposure lowers pancreatic inflammation (MPO levels and immune cell invasion), extent of fibrosis, and features of acinar degeneration (acinar vacuoles and tubular complexes).
It should be mentioned that the apelin-APJ signaling system is expressed outside the gastrointestinal tract and pancreas (20, 33) . Therefore, pancreatic changes in APKO mice might reflect a deficit in systemic apelin levels. However, a recent report shows that bioactive apelin does not exist in the general circulation (25) . Another consideration is that experimental apelin administration acts at extrapancreatic APJ sites to release substances into the systemic circulation that influence pancreatic function. This possibility will be investigated in future studies by comparing the effects of global and selective pancreatic APJ deletion on pancreatic function during pancreatitis.
